A Network of Interacting Factors Triggering Different Cell Fates
In animal systems, a single signaling network often triggers different developmental goals depending on the cellular context. Several studies, including those related to epidermal patterning, extend such an idea to plant systems (Benfey, 1999; Larkin et al., 2003; Schiefelbein, 2003) . Here, I highlight how a network of interacting factors (MYB-BHLH-TTG-GL2) promotes different epidermal cell fates in Arabidopsis depending on their precise localization in the plant body: hairs in the root, stomata in the hypocotyls, and trichomes in the leaf. The emerging picture reveals that the flexibility with which BHLH proteins interact with MYB proteins and the functional redundancy of some components (BHLHs and MYBs) are the secrets that explain how just a few genes can specify the precise patterning of three distinct cell types.
ROOT HAIRS
Root hairs differentiate in a positiondependent manner, with hair-forming cells overlying two cortical cell files and non-hairforming cells overlying a single cortical file (Dolan et al., 1993 (Dolan et al., , 1994 Galway et al., 1994) . A decade ago, Galway et al. (1994) showed that Arabidopsis plants overexpressing the maize BHLH gene R under the control of the Cauliflower mosaic virus 35S (35S) promoter differentiate a reduced number of root hairs because of the production of non-hair cells from epidermal cells located over two cortical cell files. This finding suggested that an R-like BHLH protein in Arabidopsis specifies non-hair cell fate. A recent study based on a qualitative analysis of root hair patterning has shown that GLABRA3 (GL3) and ENHANCER OF GLABRA3 (EGL3) encode the long-sought R-like BHLH proteins of Arabidopsis . Bernhardt et al. (2003) then confirmed that GL3 and EGL3 together specify non-hair cell fate: mutations of both genes in double mutants give rise to a hairy phenotype caused by the formation of root hairs from epidermal cells overlying a single cortical cell file, and the overexpression of either GL3 or EGL3 under the control of the 35S promoter in wild-type plants produces a reduced number of hairs because epidermal cells above two cortical cell files differentiate as non-hair cells.
Two-hybrid studies in yeast have shown that GL3 contains three protein-protein interaction motifs (Payne et al., 2000; Zhang et al., 2003) : (1) an N-terminal domain including the first 97 amino acids interacts with several MYB proteins, among them, GL1, CAPRICE (CPC), and TRIPTYCHON (TRY); (2) a region that encompasses amino acids 212 to 401, required for interaction with a WD repeatcontaining protein named TRANSPARENT TESTA GLABRA (TTG); (3) a C-terminal domain containing the BHLH motif of ;200 amino acids that mediates homodimeric interactions. In addition, a mutation in the 78th codon of GL3 disrupts its interaction with GL1, but it does not affect the interaction with TRY (Esch et al., 2003) . A similar but less extensive analysis of EGL3 interactions has revealed that the first 367 amino acids interact with TTG and with several MYB proteins, including GL1, CPC, and TRY ; its C-terminal domain of 299 amino acids, including the BHLH region, mediates interactions with itself and with GL3 . The yeast two-hybrid assay has also shown that both GL3 and EGL3 can interact with the MYB protein WEREWOLF (WER) (Bernhardt et al., 2003) . Like GL1, WER is likely to interact with the N-terminal domain of GL3 and EGL3 because WER and GL1 share a high amino acid sequence identity (Lee and Schiefelbein, 1999) and because they are functionally equivalent (Lee and Schiefelbein, 2001) . The interaction of the N-terminal region of the BHLH proteins with the MYB proteins extends to the BHLH and MYB proteins that regulate anthocyanin biosynthesis in maize (and probably of other plant species as well), where the N-terminal region of the BHLH proteins R and B interacts with the MYB domain of C1 (Goff et al., 1992; Grotewold et al., 2000) .
WER and CPC encode an R2R3 MYB and a single-repeat MYB protein with the highest homology to the R3 region of the R2R3 MYB proteins in their DNA binding domain, respectively (Wada et al., 1997; Lee and Schiefelbein, 1999) . The transcripts of both WER and CPC are preferentially restricted to the meristematic and elongation regions of non-hair cell files (Lee and Schiefelbein, 1999; Wada et al., 2002) . Like CPC, TRY also encodes a single-repeat MYB protein, which seems to be expressed also in the non-hair-forming cells because mutations or overexpression experiments that produce plants with hairless roots allow TRY expression in all the epidermal cell files (Schellmann et al., 2002) . Although WER and CPC/TRY have overlapping expression patterns, they exhibit opposite functions. WER is a negative regulator of hair cell fate as revealed by the hairy phenotype of wer (Lee and Schiefelbein, 1999) . By contrast, CPC and TRY redundantly promote root hair cell fate, with cpc exhibiting a few hairs and cpc try being hairless (Wada et al., 1997 Schellmann et al., 2002) . A newly discovered single-MYB repeat gene, ENHANCER OF TRY AND CPC1 (ETC1), also acts in hair patterning (Kirik et al., 2004) . Although etc1 on its own does not exhibit an apparent phenotype, the etc1 cpc double mutant reduces the number of root hairs over cpc alone (Kirik et al., 2004) . This indicates that ETC1, whose transcripts are preferentially restricted to the non-hairforming cells (like CPC), acts in a largely redundant fashion with CPC (Kirik et al., 2004) . In addition, components with opposite roles regulate one another's transcription (Bernhardt et al., 2003; Larkin et al., 2003; Schiefelbein, 2003; Kirik et al., 2004) : in non-hair-forming cells, WER, GL3, and EGL3 positively regulate CPC expression, whereas CPC negatively regulates WER and GL2 expression in hair-forming cells The Plant Cell, Vol. 16, 2258 -2263 , September 2004 (A) In the root, a complex consisting of WER, GL3 and/or EGL3, and TTG triggers non-hair cell fate determination via GL2 expression. In differentiating hair cells, the complex among a single MYB protein (CPC, TRY, and/or ETC1), GL3 and/or EGL3, and TTG represses GL2 expression. (B) In the hypocotyl, the BHLH proteins that participate in the multimeric complex that triggers non-stomatal cell fate have not been identified, but it is assumed that they (perhaps GL3 and/or EGL3) interact with TTG and WER to induce GL2 expression. The mechanism that instructs stoma cell fate by repressing GL2 expression is unknown. (C) In the leaf, similar multimeric complexes to those that operate in the root regulate GL2 expression, but they produce an opposite effect in the hair-forming cells in the two organs: the GL1-GL3/EGL3-TTG complex promotes GL2 expression and trichome cell fate, and the single MYB-GL3/EGL3-TTG complex triggers non-trichome cell fate determination by repressing GL2 expression. The single-MYB redundancy among CPC, TRY, and ETC1 that patterns hairs in the root also operates in trichome pattern formation. In the three systems, the same 500-bp fragment of the GL2 promoter (ÿ840 to 1340), containing a MYB binding site, is required for a proper regulation of GL2 expression.
(see below). In hair-forming cells, CPC represses its own expression and, in a redundant manner with TRY, negatively regulates TRY expression (Schellmann et al., 2002; Wada et al., 2002) .
But how is root hair patterning controlled? Analysis of transgenic plants expressing a fusion construct of CPC with green fluorescent protein (GFP) under the control of the CPC promoter (CPC P :CPC:GFP) has shown that the CPC protein locates to the hair-forming cell files . Because CPC is preferentially expressed in non-hair-forming files, Wada et al. (2002) inferred that CPC moves from non-hair-forming cell files to hair-forming ones. It is then logical to propose that CPC (and perhaps TRY and ETC1) might physically interact with GL3 and/or EGL3 in differentiating hair cells and that such interaction would trigger hair cell fate (Bernhardt et al., 2003; Larkin et al., 2003; Schiefelbein, 2003;  Figure 1A ). WER might interact with the BHLH proteins to prevent hair formation in non-hair-forming cells (Bernhardt et al., 2003; Larkin et al., 2003; Schiefelbein, 2003;  Figure 1A) . Thus, the spatial compartmentalization between single-repeat MYB proteins and WER might be essential to prevent (or reduce) competition between them for the BHLH binding. Interestingly, plants overexpressing the WER gene resemble wild-type plants in root hair patterning (Lee and Schiefelbein, 1999) , suggesting that WER does not interact with the BHLH proteins in epidermal cells overlying two cortical cell files, perhaps because the BHLH proteins are limiting in these cells (Lee and Schiefelbein, 1999; Bernhardt et al., 2003) . If this is true, overexpression of either GL3 or EGL3 should produce hairless roots by allowing an accumulation of WER-BHLH complexes in cells that would normally produce root hairs (Bernhardt et al., 2003) . Accordingly, expression of GL3 under the control of the 35S promoter (35S P :GL3) and expression of 35S P :EGL3 leads to production of only a few root hairs (Bernhardt et al., 2003) . In addition, because 35S P :CPC, 35S P :TRY, and 35S P :ETC1 transgenic plants exhibit a hairy phenotype (Wada et al., 1997; Schellmann et al., 2002; Kirik et al., 2004) , an excess of single-repeat MYB proteins might competitively reduce the binding of WER to endogenous BHLH proteins, thus allowing root hair formation in files that normally follow a non-hair cell fate.
The hairy phenotype of ttg indicates that TTG negatively regulates hair cell fate in epidermal cells overlying a single cortical cell file (Galway et al., 1994) . Because the overexpression of R in ttg completely represses hair cell fate, it was thought that TTG either encoded or activated an R homolog of Arabidopsis (Galway et al., 1994 ). An activation function became more likely when TTG was found to encode a WD repeat-containing protein (Walker et al., 1999) , indicating a possible role in proteinprotein interactions (Neer et al., 1994) . The TTG protein physically interacts with GL3 and EGL3 in yeast (Payne et al., 2000; Zhang et al., 2003) , and it is assumed that TTG activates these BHLH proteins perhaps by stabilizating their interaction with the MYB proteins (Larkin et al., 2003) . TTG is required for the full functioning of GL3 and EGL3 (Bernhardt et al., 2003) .
The GL2 gene encodes a homeodomainleucine zipper protein (Rerie et al., 1994; Di Cristina et al., 1996) , and it is also a negative regulator of hair cell fate in files overlying a single cortical cell file as revealed by the hairy gl2 phenotype (Di Cristina et al., 1996; Masucci et al., 1996) . GL2 transcripts preferentially locate to the non-hair-forming cells (Masucci et al., 1996; Hung et al., 1998) , and in these cells, a basal level of GL2 expression is enhanced by TTG (Hung et al., 1998) and also, redundantly, by GL3 and EGL3 (Bernhardt et al., 2003) . WER not only increases the GL2 expression level, it also restricts GL2 transcripts to the nonhair-forming cells as demonstrated by the ectopic expression of GL2 in the wer mutant (Lee and Schiefelbein, 1999) . In addition, the cpc mutant exhibits GL2 expression in both non-hair-forming cells and hair-forming ones, revealing that CPC negatively regulates GL2 expression in the hair-forming cells . The possible effect of TRY and ETC1 on GL2 transcription has not been demonstrated. Taken together, these results suggest that GL2 functions as a downstream effector of the WER-BHLH-TTG complex, repressing hair cell fate in those cells where its expression is positively regulated ( Figure 1A) . The transcriptional repression of GL2 expression by single MYB-BHLH-TTG complexes, leading to hair cell fate specification by default, is perhaps likely because the single MYB proteins CPC, TRY, and ETC1 lack typical transactivation domains (Wada et al., 1997; Schellmann et al., 2002) .
STOMATA
Similar to root hairs, stomata in the hypocotyl develop only from epidermal cells that overlie two cortical cell files (Berger et al., 1998; Hung et al., 1998) . Interestingly, mutations in either TTG, WER, or GL2 increase the number of stomata by inducing the formation of stomata in epidermal cells overlying a single cortical cell file (Berger et al., 1998; Hung et al., 1998; Lee and Schiefelbein, 1999) . In addition, the overexpression of R under the control of the 35S promoter in wild-type plants produces a reduced number of stomata overlying two cortical cell files (Berger et al., 1998) . These findings indicate that TTG, WER, GL2, and an unidentified BHLH protein (R-like) negatively regulate stomatal formation in the epidermal cell files overlying single cortical cell files. WER and GL2 expression is restricted to the upper portion of non-stomatal-forming cell files in the hypocotyl (Hung et al., 1998; Lee and Schiefelbein, 1999) , the region where stomatal cell fate determination takes place. Assuming a developmental similarity between root hair and stomatal patterning, GL3 and/or EGL3 might be the BHLH proteins that trigger non-stomatal cell fate and furthermore might provide the physical link with WER and TTG in epidermal cells overlying a single cortical cell file ( Figure  1B) . Consistent with this idea, the same 500-bp fragment essential for GL2-promoter activity in the root is required for the expression of GL2 in the hypocotyl (Hung et al., 1998;  Figure 1B) .
Although there is no evidence for a lateral inhibition mechanism guiding stomatal cell fate, the similarity in the expression patterns of CPC, TRY, and ETC1 in the roots and hypocotyls strongly suggests that a similar genetic mechanism guides root hair and stomatal patterning (Kirik et al., 2004) . However, because wild-type plants do not develop trichomes in the hypocotyls, whereas etc1 try cpc triple mutants have abundant trichomes in their hypocotyls, the expression patterns of the single-repeat MYB genes may only reflect their roles in repressing trichome cell fate. In any case, some differences in the general mechanism of patterning probably exist between root hairs and the stomata of the hypocotyl because only a few cells in a given epidermal file enter into the stomatal pathway in the hypocotyl (Berger et al., 1998; Hung et al., 1998) , whereas all cells in the equivalent file differentiate as hairs in the root (Dolan et al., 1993 (Dolan et al., , 1994 Galway et al., 1994) .
TRICHOMES
The spacing of root hairs and trichomes differs significantly. Unlike root hairs, trichomes develop at a minimum distance from their neighbors and never make direct contact with other trichomes (Hü lskamp et al., 1994) . However, a related molecular mechanism seems to be employed to pattern the trichomes of the leaf. The role of an R-like BHLH protein in trichome patterning was suggested 12 years ago when Lloyd and coworkers (1992) showed that plants overexpressing the maize R gene produce extra trichomes, which strongly suggested that an R homolog in Arabidopsis positively regulates trichome cell fate determination. It is now known that GL3 and EGL3 encode R homologs of Arabidopsis required for trichome determination (Payne et al., 2000; Zhang et al., 2003) . Loss-of-function gl3 mutants produce a weak reduction in the number of trichomes (Hü lskamp et al., 1994; Payne et al., 2000) , and although egl3 exhibits a very subtle phenotype , gl3 egl3 double mutants are totally glabrous . These findings indicate that GL3 and EGL3 positively regulate trichome cell fate in a redundant fashion . These BHLH genes are expressed in young leaves before trichome determination as well as in initiating and developing trichomes . This pattern of expression overlaps with that of the GL1 gene (Larkin et al., 1993) , which encodes an R2R3 MYB protein required for trichome initiation as indicated by the glabrous phenotype in null alleles (Marks and Feldmann, 1989; Oppenheimer et al., 1991) . The TTG gene is also needed for trichome formation as revealed by the absence of trichomes in the null alleles (Koornneef, 1981) , and as in the root, TTG activity is also necessary for the full function of both GL3 and EGL3 in trichome initiation (Payne et al., 2000; Zhang et al., 2003) .
The proposed protein-protein interactions are supported by genetic interactions, and it has been suggested that a complex comprised of GL3/EGL3, TTG, and GL1 initiates trichome cell fate determination (Larkin et al., 2003; Schiefelbein, 2003; Zhang et al., 2003;  Figure 1C ). Overexpression of GL3 or EGL3 increases the number of trichomes (Payne et al., 2000; , suggesting that, as for root hairs, these BHLH proteins are the limiting factors. If this is true, 35S P :GL1 should not trigger the development of extra trichomes. Interestingly, excess trichomes (and trichomes clusters) are generated only when GL1 is co-overexpressed with GL3 (Payne et al., 2000) . This coexpression bypasses the need for TTG function (Payne et al., 2000) .
Studies using CPC, TRY, and ETC1 extend the molecular parallels between non-root hair and trichome patterning. The try mutant produces trichome clusters (Hü lskamp et al., 1994; Schnittger et al., 1998 Schnittger et al., , 1999 Schellmann et al., 2002; Kirik et al., 2004) . The frequency of trichome clusters increases in both try cpc double mutants and etc try cpc triple mutants, revealing that these MYB proteins act redundantly in trichome patterning (Schellmann et al., 2002; Kirik et al., 2004) . Because TRY, CPC, and ETC1 are preferentially expressed in developing trichomes (Schellmann et al., 2002; Kirik et al., 2004) , it has been proposed that the proteins move from trichome precursors to neighboring cells, where they prevent (or reduce) the formation of the multimeric complex among GL1, GL3/EGL3, and TTG, by competing with GL1 for BHLH binding (Schellmann et al., 2002; Larkin et al., 2003; Schiefelbein, 2003; Kirik et al., 2004;  Figure   1C ). Interestingly, three-hybrid analysis in yeast has shown that TRY physically interacts with GL3 and that this interaction prevents the interaction between GL3 and GL1 (Esch et al., 2003) .
GL2 is involved in trichome morphogenesis (Hü lskamp et al., 1994; Rerie et al., 1994) , and reverse-genetic experiments have revealed that it is also involved in trichome determination because entopically additive expression of GL2 increases the number of trichomes and induces the development of trichome clusters (Ohashi et al., 2002) . The expression pattern of GL2 overlaps with that of GL1, except that GL2 transcripts persist in mature trichomes, whereas GL1 transcripts do not . As might be expected, the appropriate level and cell-specific pattern of GL2 expression depend upon TTG, GL1, and GL3/EGL3 Zhang et al., 2003) . In addition, deletion analysis of the GL2 promoter has shown that the same 500-bp fragment required for proper GL2 expression in the root and in the hypocotyl epidermis is also important for regulating GL2 expression in the leaf epidermis (Hung et al., 1998;  Figure 1C ). Interestingly, this region of the GL2 promoter contains a putative MYB binding site (Hung et al., 1998; . Although TRY does not regulate GL2 expression , CPC and/or ETC1 may do so. It is important to note that in roots and hypocotyls, the complex consisting of WER, BHLH proteins, and TTG triggers a non-hair cell fate and a nonstomatal fate, respectively. However, a similar complex containing GL1 instead of WER promotes trichome formation in the leaf. The underlying biochemical mechanism might consist of both types of complexes controlling GL2 expression with different outputs in the root and hypocotyl compared with leaves.
The study of epidermal patterning helps not only in understanding how a comparable network triggers different epidermal cell fates depending on the cellular context but also establishes a model that may inform other studies of plant cell specification. The first general principle to emerge from these studies concerns the ability of the BHLH proteins to mediate multiple MYB protein interactions in Arabidopsis, generating a spectrum of multimeric complexes that regulate not only epidermal cell patterning but also anthocyanin production, accumulation of condensed tanins in the seed coat, and probably seed mucilage production . Although similar MYB-BHLH complexes regulate anthocyanin synthesis in Arabidopsis and other plant species (for example, Goff et al., 1992; Grotewold et al., 2000) , there is currently no evidence that they play roles in the specification of epidermal cell patterns outside the Brassicaceae. Indeed, it is known that (1) multicellular trichome formation in Antirrhinum and Solanaceous species requires R2R3 MYB proteins that are distinct from GL1 (Glover et al., 1998 (Glover et al., , 2004 Payne et al., 1999; Martin et al., 2002) and (2) R-like BHLH factors seem to play no role in trichome formation in plants other than Arabidopsis, such as tobacco (Lloyd et al., 1992; Mooney et al., 1995; Payne et al., 1999) , petunia (Quattrocchio et al., 1993) , and tomato (Mooney et al., 1995) . The second principle is the functional redundancy of both the BHLH proteins and the single-repeat MYB proteins in epidermal cell patterning in Arabidopsis. This redundancy might ensure proper epidermal cell patterning even if some of these genes are disrupted and more generally probably reflects the importance of epidermal patterning and the development of root hairs, stomata, and trichomes for plant growth and development in natural environments.
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